ABSTRACT 4-Nitroquinoline-1 -oxide is a potent mutagen and carcinogen which induces two main guanine adducts at positions C8 and N2. In ds or ss damaged DNA the ratio C8/N2 adducts is 1:2 and 8-10:1, respectively. In bacteria and yeast 4NQO has been shown to be a base substitution mutagen acting at G residues inducing mainly G to A transitions. We determined the mutational spectrum induced by the 4NQO metabolite, acetoxy-4-aminoquinoline 1-oxide, in the M13/acZ7 E.coli lacZAM15 a complementation assay using ssDNA. Among 68 Ac-4HAQ0 induced mutants, G to Pyr transverslon was the most frequent base substitution observed. By comparison with dsDNA based systems, our data suggest that dGuo-C8-AQO induces G to Pyr transversions. A mechanism to explain how this lesion may induce transversions is proposed.
INTRODUCTION
4-Nitroquinoline-l -oxide (4NQO) is a potent mutagen and carcinogen which, after metabolic activation, binds to DNA producing three main adducts: two on guanine (dGuo-N2-AQO, dGuo-C8-AQO) and one on adenine (dAdo-N6-AQO) (1, 2) . The relative proportion of these adducts is identical in in vivo experiments using 4NQO, and in in vitro experiments using dsDNA damaged with the ultimate metabolite of 4NQO, Ac-4HAQO. In both cases dGuo-N2-AQO, dGuo-C8-AQO and dAdo-N6-AQO represent about 50%, 25% and 10% of total 4NQO adducts, respectively (3) . If ssDNA is damaged in vitro with Ac-4HAQO, dGuo-C8-AQO represents quantitatively the major adduct (75-80%), while the other two adducts represent only minor lesions (4) . Three pieces of evidence suggest that dGuo-N2-AQO and dGuo-C8-AQO may cause different DNA structural changes: (i) larger DNA conformational changes correlated with a higher proportion of N2 adducts (5); (ii) N2 adducts but not C8 adducts blocked the 3'-5' exonuclease activity of T4 phage DNA polymerase (6) ; (iii) N2 adducts but not C8 adducts inhibited the ethanol induced B to Z transition of poly(dGdC).poly(dG-dC) polymers (7) .
Biologically relevant questions are: (a) which adducts cause mutation and at which extent and (b) which molecular type of mutations are induced by each mutagenic adduct. A number of studies on 4NQO mutagenesis in different organisms such as S.typhimurium (8) , yeast (9) , and E.coli (10) indicate that 4NQO is a base substitution mutagen which principally acts at guanine residues. Recently, it was elegantly demonstrated that dGuo-N2-AQO is three times more mutagenic than dGuo-C8-AQO (11) . Overall, mutational spectra reported so far (9, 10) indicate that 4NQO induces mainly (90%) GC to AT transitions and, to a lesser extent (10%) G to Pyr transversions.
In the attempt to associate specific 4NQO guanine adducts to specific mutations, we have coupled the property of Ac-4HAQO to form mainly C8 adducts when reacting with ssDNA (4) to the well established forward mutation assay based on the use of both ss or ds DNA, namely the M13 lacZ'I E.coli lacZAMl5 intracistronic a complementation assay (12, 17) . In this study we report the mutational spectrum obtained on a ssM13mpl9 DNA damaged in vitro with Ac-4HAQO and transfected in E.coli strains with different repair capacity. Combining the results obtained in our system with those reported for dsDNA based systems, an association between adduct spectra and mutational spectra might be attempted for 4NQO. DNA modification and adducts characterization ssM13mpl9 was modified in vitro by Ac-4HAQO in lOmM Tris-HC1, pH 7.4, lmM Na 2 -EDTA, 4% Me^SO at the indicated molar ratio R= Ac-4HAQO to DNA mononucleotides and purified as previously described (22) . The number of adducts/phage DNA molecule was determined on 500 /ig of Ac^HAQO damaged ssM13mpl9 (R=1.0) by measuring the ratio A^^fio (4). The relative proportion of the three main adducts was determined on the same sample after enzymatic hydrolysis to nucleosides and HPLC separation following A^, by measuring the area under each peak and correcting for the differences in e^ of each adduct (6), using dGuo-C8-AQO as internal standard. molecule was extrapolated from standard curves obtained with the radiolabelled compound correlating R value and percentage of modified bases since in that range a linear relationship was observed (23) . The dGuo-C8-AQO standard was a generous gift of B. Bailleul (Lille, France).
MATERIALS AND METHODS

Transfection and plating
Were performed as described by Kunkel (13) . The transfection efficiency was typically 2-4X 10~7 (50-100 plaques per ng of ssDNA).
Mutants scoring and DNA sequencing
Absence of the a-complementation (24) resulting from a mutation in the lacZ' sequence contained in M13mpl9 phage gave rise to mutants (colorless or light blue plaques on indicator plates), which were scored after 12-24hrs of incubation at 37°C. Mutant phenotype was confirmed on minimal glucose plates supplemented with thiamine and tryptophan and mutant phage ssDNAs were electrophoresed on 0.8% agarose gel to detect large rearrangements. DNA sequence of the mutant phages was determined by the chain termination method (25) 
SOS induction
It was essentially done according to Kunkel (13) UV irradiating KH2AM cells at fluences ranging from 0 to 7.2 J/m 2 with a 15W germicidal lamp at a dose rate of 0.2 J/m 2 /sec. Fluence rate was determined using a digital UV meter (Hoefer). All the procedures after irradiation were performed under red light and completed within 2 hrs to minimize the loss of SOS induction (26) .
RESULTS
Characterization, survival and mutability of the Ac-4HAQO damaged ssDNA
The ssM13mpl9 DNA was modified in vitro with Ac^HAQO and then enzymatically digested to nucleosides to characterize Ac-4HAQO DNA adducts by HPLC. As expected, it resulted that the C8, N2 and N6 adducts accounted for about 80%, 8% and 12% of total DNA adducts, respectively, in agreement with published data (3). The ratio C8/N2 guanine adducts in this situation is 10, while in damaged dsDNA is 0.5 (2) . This means that a 20 fold enrichment in C8/N2 ratio was obtained in ss versus ds DNA. Undamaged and Ac-4HAQO damaged ssM13mpl9 genomes were transfected into four isogenic E. coli strains with (a) R = 8xlO~3, i.e. approximatively 4 adducts/ phage DNA molecule. Survival was similar for all strains (see Fig. 1 ) (b) F = mutation frequency of Ac-4HAQO damaged phage DNA/mutation frequency of undamaged phage DNA n.d. = not determinable differences in repair capacity, to determine the influence of the host cell repair processes on phage mutability and survival. A typical survival curve obtained with wild type E.coli transfected cells is shown in Fig. 1 . It was estimated that 3 to 4 adducts/molecule reduced survival to 37% (D 37 ) and corresponded hence to one lethal hit assuming Poisson's distribution. For sake of comparison, with Nhydroxy-2-aminofluorene treated ssM13 phage DNA, one lethal hit corresponded to 6 C8 guanine adducts (16) or to only one C8 adducts of the N-acetoxy-2-aminofluorene in 0X174 ssDNA (27) . No significant differences in phage survival upon transfection into the uvrA strains were found, indicating that excision repair processes do not operate on Ac-4HAQO damaged ssDNA.
In table 1 the spontaneous and Ac-4HAQO induced (R = 8xlO~3, about 4 adducts/phage DNA molecule) mutation frequencies of ssM13mpl9 phage genomes transfected in the four E.coli strains are reported. Analyzing a total of about 3x 10 5 plaques, it was observed that the cumulative spontaneous mutation frequency was identical for KH2, KH2A and KH2AM strains and similar to previously published values (19) . In contrast, no mutants were found in the recA KH2R strain, indicating that, if mutants occur, their frequency should be over 5-fold lower than in recA + strains. Mutation frequency was increased by Ac^HAQO in the three RecA + strains, KH2AM showing the highest increase. Moreover when KH2AM cells were UV irradiated before transfection, we did observe a reproducible increase of 5 to 10 fold in mutation frequency between unirradiated and UV irradiated cells.
Molecular analysis of mutants
The /3 galactosidase a complementation assay selects for a non essential gene product and allows detection of a large spectrum of mutational events. Sequencing was limited to the coding region of the critical region for the a complementation process as determined by biochemical studies (28) .
The results of sequencing 68 Ac-4HAQO induced mutants (69 mutations observed, due to a double mutant), 22 of which were isolated after SOS induction, and 39 spontaneous mutants are reported in Table 2 . The most frequent event observed in spontaneous mutants (22/39=56%) is a 146bp deletion indicate the first and the last nucleotide of the coding sequence of the core of the • is every ten nucleotides. Note: a single G to C transversion found in the sequence 5'TAT G TTG 3' of the -10 functionally equivalent to the deletion of 93bp observed in studies on AP sites mutagenesis (13) and UV mutagenesis (16) , plus the deletion of the M13mpl9 polylinker region. These frequent deletions are due to recombinational events between phage DNA and F' encoded lacZAMl5 sequences. Lower proportions of -146bp were also observed among Ac-4HAQ0 induced mutants, both in SOS induced (9/22=41%) and in non SOS-induced cells (14/45=31%). Single base substitutions represented a major mutational event among both Ac-4HAQO induced (SOS uninduced 28/45=62%; SOS-induced 9/22=41%) and spontaneous mutants (14/39=36%). If large deletions are excluded, base substitutions represent an even greater proportion. Among all base substitutions observed in the three RecA + strains, those targeted to G residues were significantly (p<0.05) more frequent in Ac-4HAQO treated (35/37=95%) than in untreated phages (9/14=64%). Fig. 2 shows a map of the induced and spontaneous mutational spectra for base substitutions and frameshifts in M13mpl9 lacZ' DNA. The distribution of mutations seems to be not random. A 'hot spot' at positions 6320-6322, coding for aminoacid 17 in the original a complementing peptide, known to be crucial for the a complementation process (28), is present. Specific G to C transversions were observed at positions 6314, 6350 and 6401. Such a specificity has never been reported before in this system, using different mutagens (12, 13, 16, 17) .
DISCUSSION
The importance of adduct spectra in relation to carcinogen specific footprints of induced mutations has been reviewed recently (29) . In this light, knowledge of the precise nature of mutations induced by 4NQO lesions is critical to understand the underlying mutational mechanism. In the present work, a single stranded phage DNA damaged in vitro with the ultimate metabolite of 4NQO, Ac^HAQO was used. With ssDNA the 2:1 proportion of N2 to C8 guanine adducts typically found in dsDNA is reversed to 1:8-1:10. This gave us the opportunity to revisit the mutational spectrum of 4NQO in a situation where the relative proportion of the main adducts was drastically changed. Our results confirmed that 4NQO is basically a base substitution mutagen, acting mainly at G residues. Among mutations targeted at guanines, we found about three times more G to Pyr than G to A mutation with a trasversions/transitions ratio more than 25-fold higher than in other mutation assays (9, 10) . The most straightforward explanation for this result is that transitions and transversions are caused by different 4NQO adducts. On a quantitative basis, in our system, a 20-fold enrichment in the C8/N2 ratio was associated to a 25-fold increase in G to Pyr / G to A ratio. It is tempting to conclude that the adduct on C8 is mutagenic and results mainly in base pair substitutions of the transversion type. The biological importance of the C8 guanine adduct is indirectly shown by the recent finding that the (A)BC excinuclease incises predominantly at dGuo-C8-AQO sites (30) . In agreement with our hypothesis, 3-methyl-4-NQO, able to form only the dGuo-C8 adduct, induced 63% transversions at the ade2 locus of 5. cerevisiae (31) .
By reasoning in terms of correlation between specific adducts and specific mutational events, the contribution of other lesions should not be excluded. We know that 4NQO induces two other lesions that are mainly G to Pyr inducers: AP sites (22) and 8-hydroxydeoxyguanosine (32) .
Let us assume that in our experiments the level of AP sites generated was equal to the maximum obtained with negatively supercoiled dsDNA, i.e. one AP site every 40-50 stable adducts (22) . With a mutation cross section (MCS) of 8 for AP sites (33), 1.1 for dGuo-C8-AQO and 3.6 for dGuo-N2-AQO (11), it can be calculated that, at most, approximately 10-15% of the mutations at G residues may derive from AP sites and about 65% and 20% of the mutations should derive from the C8 and the N2 adducts, respectively. AP sites are not necessarily alternative to dGuo-C8-AQO, as responsible for the change in mutational spectrum. Indirect evidences indicate that AP sites might derive via degradation of the dGuo-C8-AQO (34). Here we did not measure AP sites and thus we cannot evaluate quantitatively their contribution to the mutation spectra obtained. Nevertheless, by virtue of the 'A rule' (35) , AP sites should lead to G to T transversions which represent only around 50% of the transversions observed.
Recently a single 8 hydroxyguanine residue was introduced in the lacZ' a peptide DNA sequence. Only G to T transversions were found, although both G to C and G to T substitutions potentially led to the same aminoacid change (36) . Similar results, obtained with a variety of approaches (37, 38) suggest that this lesion is weakly mutagenic and that 8 hydroxyguanine should not be the main responsible for G to C transversions.
It is clear that all the G to Pyr transversions observed in this study cannot, at present, be attributable unambiguously to a specific lesion and that the spectrum of mutations we obtained may be the result of multiple contributions. Nevertheless the hypothesis that the C-8 adduct does play a role seems reasonable for a number of reasons. The similarity between dGuo-C8-AQO and dGuo-C8-AF (6, 7, 30, 33) suggests the ability of dGuo-C8-AQO to induce G to T transversions. Recently, Loechler (39) proposed an 'adduct induced base shift model' to explain how the a/if/-dGuo-C8-AF adduct could induce the G to T transversion. A model for GC to CG transversion, based on the anti to 5377 base rotation induced by C8-guanine adducts, has been proposed (40) . The extent of B to Z transition observed at 38% ethanol in Ac-4HAQO modified poly (dG-dC). poly (dG-dC), correlated with the percentage of dGuo-C8-AQO present in the damaged polymer (7) , suggesting that an anti to syn transition occurred. In the anti conformation the C8 adduct would then induce G to T transversions (Loechler's model) while in the syn conformation it would induce G to C transversions (Kadlubar's model). Moreover, the type of intramolecular interaction stabilizing the anti conformation in dGuo-C8-AF (41) seems possible only in one of the two tautomeric forms of the quinoline ring (1, 42) in dGuo-C8-AQO (Fig. 3) .
In conclusion, we found that the mutational spectrum of 4NQO in ssDNA is heavily enriched in transversions when compared with mutational spectra reported for dsDNA based system. This difference suggests that dGuo-C8-AQO is one of the responsibles (by itself or via APsite) of G to Pyr transversions and that dGuo-N2-AQO is mainly responsible of G to A transitions. We are currently planning to use a site specific approach with a single dGuo-C8-AQO residue in the lacZ' coding sequence to test our hypothesis.
